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ABSTRACT

Ebola virus (EBOV) is an RNA virus that can cause hemorrhagic fever with high fatality rates, and there are no approved vaccines
or therapies. Typically, RNA viruses have high spontaneous mutation rates, which permit rapid adaptation to selection pressures
and have other important biological consequences. However, it is unknown if filoviruses exhibit high mutation frequencies.
Ultradeep sequencing and a recombinant EBOV that carries the gene encoding green fluorescent protein were used to determine
the spontaneous mutation frequency of EBOV. The effects of the guanosine analogue ribavirin during EBOV infections were also
assessed. Ultradeep sequencing revealed that the mutation frequency for EBOV was high and similar to those of other RNA vi-
ruses. Interestingly, significant genetic diversity was not observed in viable viruses, implying that changes were not well toler-
ated. We hypothesized that this could be exploited therapeutically. In vitro, the presence of ribavirin increased the error rate,
and the 50% inhibitory concentration (IC,,) was 27 wM. In a mouse model of ribavirin therapy given pre-EBOV exposure, riba-
virin treatment corresponded with a significant delay in time to death and up to 75% survival. In mouse and monkey models of
therapy given post-EBOV exposure, ribavirin treatment also delayed the time to death and increased survival. These results dem-

onstrate that EBOV has a spontaneous mutation frequency similar to those of other RNA viruses. These data also suggest a po-
tential for therapeutic use of ribavirin for human EBOV infections.

IMPORTANCE

Ebola virus (EBOV) causes a severe hemorrhagic disease with high case fatality rates; there are no approved vaccines or thera-
pies. We determined the spontaneous mutation frequency of EBOV, which is relevant to understanding the potential for the vi-
rus to adapt. The frequency was similar to those of other RNA viruses. Significant genetic diversity was not observed in viable
viruses, implying that changes were not well tolerated. We hypothesized that this could be exploited therapeutically. Ribavirin is
a viral mutagen approved for treatment of several virus infections; it is also cheap and readily available. In cell culture, we
showed that ribavirin was effective at reducing production of infectious EBOV. In mouse and monkey models of therapy given
post-EBOV exposure, ribavirin treatment delayed the time to death and increased survival. These data provide a better under-
standing of EBOV spontaneous mutation and suggest that ribavirin may have great value in the context of human disease.

bola virus (EBOV), a member of the Filoviridae family, is an

enveloped, single-stranded, negative-sense RNA virus that can
cause Ebola virus disease (EVD) with variable fatality rates of up to
90% (1,2). There are no approved vaccines or therapies for EBOV
infections, and the West African outbreak in 2014 that became the
largest outbreak on record highlights the urgency for advance-
ments in this area (1-3).

Typically, RNA viruses have high spontaneous mutation rates
due to error-prone RNA-dependent RNA polymerases. However,
it is unknown if filoviruses exhibit a high spontaneous mutation
rate (3, 4). It had been thought that EBOV did not evolve in the
context of a single outbreak (4), but recent data from the West
African outbreak suggest that there is evolution (5-8). Filoviruses
have a wide host range and show great potential for emergence: to
new geographic regions, to new hosts, and by new modes of trans-
mission (9-15). Information about mutation frequencies in filo-
viruses could help to lead to a better understanding of these topics.
Furthermore, from the current outbreak, we are learning the im-
portance of how the virus changes and how this could affect future
diagnostics, treatments, and preventative measures (6-8).

We found that EBOV was unable to tolerate excessive
changes in the genome, and thus it was reasoned that chemi-
cally increasing the mutation rate may decrease the number of
viable virions released from a cell. Thus, an increase in muta-
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tion frequency could be an effective therapeutic mechanism, as
it is for other RNA viruses (16—18). However, the effect on
filoviruses is unclear (19-21).

Ribavirin, a guanosine analogue, shows broad-spectrum anti-
viral activity and is commonly used to treat infections caused by
several RNA viruses, including hepatitis C virus and Lassa virus
(17, 18, 22). Ribavirin likely acts through a variety of mechanisms
but has been shown to be a potent mutagen in vitro (18), and there
is some evidence to suggest that in vivo therapeutic effects may also
be related to lethal mutagenesis (23, 24). If EBOV is susceptible to
mutagenesis, then error catastrophe could occur, thus giving riba-
virin an antiviral effect against EBOV. Even a moderate efficacy of
ribavirin in the treatment of EVD may provide a significant clin-
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ical benefit: ribavirin is inexpensive, does not require a cold chain,
can be delivered orally, and is already available in many areas of
Africa (25). Furthermore, ribavirin has already undergone rigor-
ous safety testing and received FDA approval for the treatment of
several other viral infections. As a result, it could be implemented
immediately as a therapy for EVD rather than being delayed in
early-stage clinical trials. This study was designed to determine if
EBOV exhibits a high mutation frequency and to evaluate the
potential of ribavirin for use as a therapy in EBOV infections.

MATERIALS AND METHODS

Ethics statement. Animal research was conducted under Institutional
Animal Care and Use Committee (IACUC)-approved protocols in com-
pliance with the Animal Welfare Act and other federal statutes and regu-
lations relating to animals and experiments involving animals. The Texas
Biomedical Research Institute (TBRI) is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International
and adheres to the principles stated in the 8th edition of the Guide for the
Care and Use of Laboratory Animals (26).

Cells and virus. BEI-sourced Vero E6 cells were grown in minimum
essential medium (MEM; Gibco) containing 2 mM L-glutamine and 1
mM sodium pyruvate (henceforth referred to as normal growth medium)
with 10% heat-inactivated fetal calf serum (FCS; Gibco) at 37°C with 5%
CO,. To determine the mutation frequency, a recombinant Zaire ebola-
virus containing green fluorescent protein (eGFP-ZEBOV; kindly pro-
vided by H. Feldmann) was used. Mouse-adapted EBOV was obtained
from the U.S. Army Medical Research Institute of Infectious Diseases
(USAMRIID) and then propagated in Vero E6 cells at a multiplicity of
infection (MOI) of 0.01, with the viral supernatant harvested at 7 days
postinfection (dpi) (27). The virus received from USAMRIID was origi-
nally obtained by Bray et al. through passage in suckling BALB/c mice
(28). Ebola virus Kikwit (passage number 3, Vero E6 cells [GenBank ac-
cession number KR063672]; passage number 2, Ebola virus Homo sapi-
ens-tc/COD/1995/Kikwit-9510621 [species Zaire ebolavirus]; acquired
from T. Ksiazek, University of Texas Medical Branch) was used for the
nonhuman primate (NHP) experiment.

In vitro eGFP-ZEBOV and ribavirin infections. eGFP-ZEBOV was
grown at a low MOI (MOI of 0.001) in Vero E6 cells with normal growth
medium containing 2% FCS and a range of concentrations of ribavirin
(Spectrum Laboratories). The concentrations used were 100 wM, 200
uM, 400 pM, 500 uM, 700 wM, and 1 mM. Viral supernatants were
harvested after 5 days and titrated, and the RNAs were prepared for deep
sequencing as described below.

Deep sequencing and sample preparation. Isolation of viral RNA,
sample preparation for deep sequencing, and deep sequencing were per-
formed as previously described (29). Briefly, an aliquot of viral superna-
tant or serum was diluted in TRIzol LS reagent (Life Technologies). Sam-
ples were next transferred to a biosafety level 2 (BSL2) laboratory, where
RNA was harvested following the manufacturer’s instructions. After iso-
lation, rRNA and mRNA were removed as described previously (29). Fi-
nally, the supernatant containing mRNA-depleted RNA was removed and
prepared for deep sequencing using Illumina’s TruSeq RNA sample prep-
aration kit following the manufacturer’s protocol. The final cDNA library
was sequenced using sequencing by synthesis (Illumina) on an Illumina
MiSeq machine. To determine the number of single nucleotide polymor-
phisms (SNPs) arising from errors introduced during the sequencing pro-
cess (for example, from reverse transcription), we included a spiked in
vitro-transcribed RNA of known sequence when samples were prepared.
This RNA sequence was from a related filovirus that would recapitulate
the properties of EBOV RNA during sample preparation. Data analysis
began by using the Illumina pipeline to generate a FASTQ file containing
all the reads, which were then mapped to the parental virus sequence by
using Lasergene SeqMan NGen (DNASTAR). The abundance of each nu-
cleotide at each position in the genome was determined and compared to
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the parental sequence. Mutation frequencies were then calculated as num-
bers of SNPs per nucleotide sequenced.

Determination of viral titers. Viral titers were determined by plaque
assay using Vero E6 cells and agarose overlay as previously described (30).

Animal studies. Animals were randomly assigned to groups, and the
studies were not blinded. For the mouse studies, a total of 80 BALB/c mice
(Mus musculus; Charles River Laboratories) of 4 to 6 weeks of age and
weighing 17 to 22 g were used. Mice were housed in groups of four or eight
and fed mouse chow. Enrichment included shepherd shacks and nesting
material. For the NHP studies, four male and four female cynomolgus
macaques (Macaca fascicularis) of 2 to 4 years of age and weighing 2 to 4 kg
were used. Animals were acquired from Covance and serum tested to
ensure that no reactivity to filovirus antigen was present prior to purchase.
Animals were shipped directly to TBRI and underwent a standard quar-
antine period during which all animals were allowed to acclimate to singly
housed caging and the in-house diet. Health status and well-being were
monitored at least twice a day, and enrichment included visual stimula-
tion, commercial toys, and food supplements. Prior to blood collections,
animals were anesthetized using Telazol (Zoetis Inc.). For all animal stud-
ies, virus challenge occurred on study day 0. Test subjects were then ob-
served at least twice daily for up to 21 days postchallenge, at which time
any survivors were euthanized. Critically ill animals were observed at least
four times per day, and species-specific euthanasia criteria were followed
to minimize undue pain and distress. Mice were anesthetized via intra-
peritoneal (i.p.) injection of a ketamine-xylazine combination and then
euthanized by inhalation of carbon dioxide followed by cervical disloca-
tion. M. fascicularis macaques were euthanized with an intravenous over-
dose of sodium pentobarbital.

Experimental inoculation of mice with EBOV. For the prophylactic
experiment, three groups of eight mice each were challenged i.p. with a
target dose of 1,000 PFU of mouse-adapted EBOV (back titration indi-
cated that the dose was 177 PFU) as previously described (27). Two treat-
ment groups received i.p. injections of ribavirin 1 h prior to challenge and
daily thereafter; one group received a dose of 50 mg/kg of body weight,
while the other group received 80 mg/kg. For the postexposure experi-
ment, five groups of eight mice each were challenged i.p. with a target dose
of 1,000 PFU of mouse-adapted EBOV (back titration indicated that the
dose was 241 PFU). One day after challenge and daily thereafter, the ani-
mals received ribavirin injections i.p. One group received saline as a vehi-
cle control, and each of the other four groups received a different dose of
ribavirin treatment (30 mg/kg, 50 mg/kg, 100 mg/kg, or 100-mg/kg load-
ing dose with 50-mg/kg subsequent doses). To identify any detrimental
effects of ribavirin treatment alone, four other groups of four animals each
received the same daily ribavirin treatments but were not challenged with
EBOV.

Experimental inoculation of NHPs with EBOV. Four M. fascicularis
macaques, two female and two male, were injected intramuscularly (i.m.)
in the deltoid muscle with a target dose of 100 PFU of EBOV (back titra-
tion indicated that the dose was 38 PFU). One day after challenge and
every 12 h thereafter, three animals received i.m. treatment injections and
one animal received saline as a vehicle control. The treated animals re-
ceived 30 mg/kg of ribavirin for day 1 through day 3 postchallenge. During
day 4 postchallenge and throughout the rest of the study, the drug dose
was decreased to 15 mg/kg. Blood samples were collected on days 0, 3, 5,
and 7 relative to inoculation. During each scheduled blood collection, the
rectal temperature was taken and the weight was recorded. To identify any
detrimental effects of ribavirin treatment alone, four animals were not
infected and were housed at animal biosafety level 2 (ABSL2). These ani-
mals received the same drug treatment regimen as the infected animals
housed at ABSL4 and were not euthanized at the end of the project.

Preparation and administration of ribavirin treatment. Ribavirin
(Spectrum Laboratories) treatment doses were prepared daily to prevent
loss of drug activity. The appropriate amount of powder was dispensed
under sterile conditions and combined with sterile saline (Hospira). For
mouse treatments, 250- .l doses were administered every 24 h throughout
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the duration of the study. During each morning observation and treat-
ment administration, all animals were weighed to determine the average
weight per animal for each cage; this value was used to calculate the
amount of ribavirin animals in each cage would receive during the next
treatment. For NHP treatments, a single concentration of drug was used,
and the treatment volume was based on each animal’s weight. Injections
were administered i.m. every 12 h throughout the duration of the study.
The body weight recorded on blood draw days was used to calculate the
amount of ribavirin each animal would receive until the next weight mea-
surement was taken.

Coagulation and blood chemistry. Biochemical analysis was per-
formed using a mammalian liver enzyme profile rotor on a Vet Scan
analyzer (Abaxis, Inc.). Coagulation times were determined using an
Idexx Coag Dx analyzer (Idexx Laboratories).

Statistics. The log-rank Mantel-Cox test was used to analyze the sur-
vival curves, and the P value is displayed on each graph. GraphPad Prism
two-way analysis of variance (ANOVA) with the Bonferroni posttest was
used to analyze weight and titer data. Mouse group sizes were determined
statistically (Fisher’s exact test, using an « value of 0.05). The NHP study
was a pilot project, and the group variances were unknown.

RESULTS

Characterization of mutation frequency of Ebola virus in vitro.
To measure the mutation frequency of EBOV, we utilized a re-
combinant EBOV that carries the gene encoding green fluorescent
protein (eGFP-ZEBOV) (31). This permitted measurement of
spontaneous mutations in the recombinant virus by quantifying
errors accumulated over the GFP-encoding region—a locus less
subject to selection pressures than the wild-type viral genome—
which is a method that has been applied previously in studies of
bacterial spontaneous mutation rates (32). Thus, using eGFP-
ZEBOV allowed enumeration of errors caused by the EBOV RNA-
dependent RNA polymerase over the GFP region. eGFP-ZEBOV
RNA was subjected to ultradeep sequencing, and the abundance
of each sequenced nucleotide at each genome position was deter-
mined and compared to a reference sequence. Mutation frequen-
cies were then presented as numbers of SNPs per nucleotide se-
quenced. Over the GFP region of eGFP-ZEBOV, a total of 3.9 X
10° nucleotides were sequenced, with a mean depth of coverage of
6.7 X 10°. There was a lower mean depth of coverage over the
GFP region than over other regions of the viral genome (1.2 X
10° nucleotides were sequenced, with a mean depth of coverage
of 6.2 X 10*). This suggested that not all of the genomes se-
quenced had maintained the GFP gene, which suggests that
negative selection took place. The difference between the high-
est and lowest depths of coverage for the GFP region was low
(3.3-fold difference in the number of bases sequenced at each
site; the range of depth of coverage per site was 3.2 X 107 to
1.0 X 10° nucleotides sequenced, with a median of 6.5 X 10°
nucleotides sequenced). This implies that the whole ORF was
deleterious and not well maintained in the viral genome, likely
due to the viral requirement for maintaining a compact ge-
nome. This should not have affected the estimation of muta-
tion frequency based on SNPs.

The GFP region accumulated 4.1 X 10~* SNP per nucleotide
sequenced, which is similar to the mutation frequencies of other
RNA viruses (16, 33, 34). The number of insertions or deletions
(indels) per base sequenced was 2.2 X 102 The number of SNPs
per nucleotide sequenced across wild-type regions of the genome
was determined to be below the limit of detection, as it was the
same as the number calculated for the control (9.1 X 10~* SNP
per nucleotide sequenced).
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FIG 1 Effects of ribavirin on EBOV infectivity in vitro. EBOV was amplified in
the presence of increasing concentrations of ribavirin, and plaque assays were
used to determine the levels of infectious virus (measured as PFU per millili-
ter). Values shown represent the means for three biological replicates. Increas-
ing concentrations of ribavirin resulted in decreased production of infectious
virus. The IC,, was determined to be 27 wM. Ribavirin-induced cytotoxicity
was not observed.

Effect of guanosine analogue on Ebola virus mutation fre-
quency in vitro. To determine the effect of the guanosine ana-
logue ribavirin on the EBOV mutation frequency in vitro, eGFP-
ZEBOV was grown at a low MOI in Vero E6 cells with medium
containing 500 wM ribavirin. The viral supernatant was removed,
and viral RNA was isolated and deep sequenced. Over the GFP
region of eGFP-ZEBOV, a total of 6.1 X 107 nucleotides were
sequenced, and the mean depth of coverage was 1.0 X 10°. eGFP-
ZEBOV grown in the presence of ribavirin accumulated 27-fold
more SNPs per nucleotide sequenced (1.1 X 10~?) and 17-fold
more indels (3.8 X 107") in the GFP region than eGFP-ZEBOV
grown without ribavirin. Importantly, when the virus was grown
in the presence of ribavirin, the number of SNPs per nucleotide
sequenced (8.1 X 10° nucleotides total, with a mean depth of
coverage of 4.4 X 10?) across the wild-type viral genome increased
to a detectable level (1.3 X 10~ %) that was similar to the number
found in the GFP region. Ribavirin treatment also correlated with
a high ratio of transversions to transitions (3.9:1 ratio in the wild-
type viral genome and 4.7:1 ratio in the GFP region).

Effect of guanosine analogue on production of infectious
Ebola virus in vitro. To determine the effect of the guanosine
analogue ribavirin on production of infectious EBOV in vitro,
eGFP-ZEBOV was grown at a low MOI in Vero E6 cells with
media containing a range of concentrations of ribavirin. Consis-
tent with other published reports, ribavirin-induced cytotoxicity
was not observed at the concentrations used (18, 35, 36). Viral
titers of the supernatants revealed that increasing concentrations
of ribavirin resulted in decreasing quantities of infectious virus
(Fig. 1). eGFP-ZEBOV-infected cells treated with 1 mM ribavirin
showed a titer that was >1,000-fold lower than that of untreated
virus. The half-maximal inhibitory concentration (IC,) was de-
termined to be 27 M.

Effect of prophylactic ribavirin on Ebola virus infection in
mouse model of EVD. To determine the efficacy of ribavirin in a
mouse model of EBOV infection, three groups of eight mice each
were challenged with 1,000 PFU of mouse-adapted EBOV via the
1.p. route as previously described (27). Two treatment groups re-
ceived i.p. injections of either 50 or 80 mg/kg ribavirin 1 h prior to
challenge and once daily thereafter; the third group received saline
only as a vehicle control. All groups exhibited a decline in weight
over the first week (Fig. 2). However, many of the treated mice
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FIG 3 Survival of mice challenged with EBOV and prophylactically treated
with ribavirin. Mice were infected with 1,000 PFU of mouse-adapted EBOV
and treated with ribavirin 1 h prior to challenge and daily thereafter (n = 8 for
each group). Survival over the course of the study is displayed. The experiment
was performed one time, and two graphs are shown in order to compare each
treatment group to the one untreated group. Ribavirin treatment correlated
with increased survival and a significant delay to death compared to the results
for the untreated group (P = 0.0001 for the 80-mg/kg group [a] and P <
0.0001 for the 50-mg/kg group). The median day to death for the untreated
group was 6 days, while the median day to death for animals treated with 80
mg/kg was 12 days. Treatment with 50 mg/kg resulted in 75% survival, and
treatment with 80 mg/kg resulted in 38% survival. While the 50-mg/kg group
appeared to have slightly better outcomes than those of the 80-mg/kg group,
there was no statistically significant difference in survival between the two
groups (P = 0.185).

gradually regained weight as the study progressed. Ribavirin treat-
ment correlated with a statistically significant delay to death and
increased survival compared to those of the untreated group (Fig.
3). The median day to death for the untreated group was 6 days,
while the median day to death for mice treated with 80 mg/kg

FIG 2 Weights of mice challenged with EBOV and prophylactically treated
with ribavirin. Mice were infected with 1,000 PFU of mouse-adapted EBOV
and treated with ribavirin 1 h prior to challenge and daily thereafter. Percent
weight changes from baseline for each treatment group (80 mg/kg [a], 50
mg/kg, and 0 mg/kg [c]; n = 8 for each group) over the 21-day course of the
study are shown. Means and standard errors of the means (SEM) are pre-
sented.
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ribavirin was 12 days. The median day to death for the 50-mg/kg
group was undefined because of the high survival rate. Treatment
with 50 mg/kg ribavirin resulted in 75% survival, and treatment
with 80 mg/kg resulted in 38% survival. While the 50-mg/kg
group appeared to have a higher survival rate and less weight loss
than the 80-mg/kg group, the difference was not statistically sig-
nificant (P = 0.185; log-rank Mantel-Cox test).

Effect of postexposure ribavirin on Ebola virus infection in a
mouse model. To determine the effects of ribavirin treatment by
use of a post-EBOV exposure model, five groups of eight mice
each were challenged i.p. with 1,000 PFU of mouse-adapted
EBOV. Four groups received various amounts of ribavirin (group
8, 30 mg/kg; group 7, 50 mg/kg; group 6, 100 mg/kg; and group 5,
100-mg/kg loading dose and 50-mg/kg subsequent doses), deliv-
ered i.p. at 24 h postchallenge and daily thereafter. Group 9 re-
ceived saline as a vehicle control. To identify any detrimental ef-
fects of ribavirin treatment alone, four other groups of four mice
each (groups 1, 2, 3, and 4) received an identical treatment regi-
men but were not infected with EBOV.

During infection, weight loss (Fig. 4) followed a pattern similar
to that observed in the prophylactic study; all groups exhibited a
decline in weight over the first week, but the survivors gradually
regained weight as the study progressed. By day 7, all unchallenged
groups exhibited significantly less weight loss than the corre-
sponding challenged groups (Fig. 4) (P < 0.001; two-way ANOVA
with the Bonferroni posttest). Postexposure ribavirin treatment
correlated with increased survival and a significant delay in the
median day to death (Fig. 5). The median day to death for un-
treated group 9 was 5 days, while the median day to death for
treated mice was 7 days. The survival rate was 22%. There was no
significant difference in survival or median day to death between
the different treatment groups (P > 0.65; log-rank Mantel-Cox
test) (Fig. 5). None of the unchallenged mice exhibited serious
clinical signs, and all animals survived throughout the duration of
the study. While ribavirin treatment was well tolerated in the un-
challenged mice, multiple animals exhibited some weight loss
(Fig. 4A) that may have been related to treatment or handling.

Effect of postexposure ribavirin on Ebola virus replication in
nonhuman primates. To determine the effects of postexposure
ribavirin treatment in an NHP model of EBOV infection, four
cynomolgus macaques (Macaca fascicularis) were challenged i.m.
with 100 PFU of passage 3 EBOV Kikwit, which has been shown to
be 100% lethal at this dose (unpublished observations). One NHP
received saline as a control, and each of the other three NHPs
received twice-daily i.m. ribavirin treatment beginning at 24 h
postinfection. During days 1 to 3, the treatment dose was 30 mg/
kg, and on day 4, the dose was decreased to 15 mg/kg for the
remainder of the study. Ribavirin treatment decreased the viral
loads observed throughout the course of infection (Fig. 6a). Two-
way ANOVA analysis revealed that on day 5 postchallenge and on
the day of death for each animal, the serum titers for the treated
NHPs were significantly lower than those for the untreated NHP
(P < 0.001; two-way ANOVA with the Bonferroni posttest).
Treatment also correlated with a delay in the time to death (Fig.
6b). The untreated NHP succumbed on day 6 postchallenge, while
one treated NHP succumbed on day 7 and the remaining two
treated NHPs survived until day 8. The median day to death for
the untreated NHP was 6 days, while the median day to death for
treated NHPs was 8 days, and the mean was 7.7 days.

Blood was collected on days 0, 3, 5, and 7 and at euthanasia for
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analysis of blood chemistry and coagulation times. All animals
also exhibited increases in serum alkaline phosphatase (ALP) (Fig.
6d) and gamma glutamyltransferase (GGT) (Fig. 6e) near the time
of death (consistent with previous observations of filovirus infec-
tion in experimentally infected NHPs [37, 38]). In contrast, the
ribavirin-treated animals exhibited a delay in this increase com-
pared to the untreated animal. Abnormal coagulation times were
detected (Fig. 6¢ and f); all animals exhibited prolonged activated
partial thromboplastin times (aPTT) near the day of death, but the
treated animals exhibited a delay in the appearance of this symp-
tom compared to the untreated animal. However, the untreated
animal exhibited a very elevated partial thromboplastin (PT) time
on day 5, but the treated animals never exhibited major changes in
PT times.

To identify any effects of ribavirin treatment alone, four addi-
tional uninfected NHPs at ABSL2 received the same treatment
regimen as the infected NHPs at ABSL4. No significant changes
were seen in weight, no signs of illness were observed for the un-
infected and treated animals, and all survived the duration of the
study.

Mutagenic effect of guanosine analogue on Ebola virus in
vivo. Ultradeep sequencing was performed on sera collected from
mice and NHPs to determine if ribavirin caused increased mu-
tagenesis in vivo. For the preexposure mouse study, virus was har-
vested from sera taken immediately prior to humane euthanasia.
In an untreated mouse at 5 dpi, the mutation frequency was below
the limit of detection (3.0 X 10® nucleotides total, with a mean
depth of coverage of 1.6 X 10*). In a mouse treated with 50 mg/kg
ribavirin, the mutation frequency at 7 dpi was 2.2 X 10~* SNP per
base sequenced (6.6 X 107 nucleotides total, with a mean depth of
coverage of 3.8 X 10%). In a mouse treated with 80 mg/kg ribavirin,
the mutation frequency at 8 dpi was 4.1 X 1077 SNP per base
sequenced (2.2 X 10° nucleotides total, with a mean depth of
coverage of 2.5 X 10%). For the NHP study, sequencing was per-
formed on virus harvested from sera taken at 5 dpi and immedi-
ately prior to humane euthanasia. In the untreated NHP at 5 dpij,
the mutation frequency was 1.4 X 107> SNP per base sequenced
(6.3 X 10° nucleotides total, with a mean depth of coverage of
2.7 X 10%). In the treated NHPs at 5 dpi (n = 3), the average
mutation frequency was 1.4 X 10> SNP per base sequenced
(2.1 X 10’ nucleotides total, with a mean depth of coverage of
3.4 X 10%). This represented a 10-fold increase in mutation fre-
quency associated with ribavirin treatment. In the untreated NHP
at the time of death (6 dpi), the mutation frequency was relatively
unchanged, at 1.1 X 107> SNP per base sequenced (2.2 X 10°
nucleotides total, with a mean depth of coverage of 1.3 X 10*). In
the treated NHPs at the time of death (3, 7, or 8 dpi), the average
mutation frequency was 2.8 X 107> SNP per base sequenced
(8.9 X 107 nucleotides total, with a mean depth of coverage of
5.6 X 10°), a 2.6-fold increase.

DISCUSSION

Ebola virus is an RNA virus that can cause hemorrhagic fever, with
variable fatality rates of up to 90% (2). No approved vaccines or
therapies exist for EBOV infections, despite great need. Typically,
RNA viruses have high spontaneous mutation rates, but the mu-
tation rate for EBOV is unknown. The data described herein high-
light the potential for EBOV adaptation during an outbreak. Ad-
ditionally, as therapeutic agents become available, the data will
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FIG 4 Weights of mice challenged with EBOV and treated with ribavirin postexposure. Mice were infected with 1,000 PFU of mouse-adapted EBOV and treated
with different doses of ribavirin at 1 day postchallenge and daily thereafter (n = 8 for each group). (a) Four groups (n = 4 for each group) received the same
treatment regimen but were left uninfected. Percent weight changes from baseline for each treatment group (30 mg/kg [e], 50 mg/kg [d], 100 mg/kg [c],
100-mg/kg loading dose with 50-mg/kg subsequent doses, and 0 mg/kg [f]) over the 21-day course of the study are shown. All groups exhibited a decline in weight
over the first week. As the study progressed, many of the treated animals gradually regained weight. Means and SEM are presented for challenged animals. Means
and data for each replicate are presented for unchallenged animals.
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FIG 5 Survival of mice challenged with EBOV and treated with ribavirin postexposure. Mice were infected with 1,000 PFU of mouse-adapted EBOV and treated
with different doses of ribavirin at 1 day postchallenge and daily thereafter (n = 8 for each group). Four groups (1 = 4 for each group) received the same treatment
regimen but were left uninfected. Survival over the course of the study is displayed for each treatment group compared to the untreated group. Postexposure
ribavirin treatment correlated with increased survival and a significant delay in the median day to death (P = 0.004 for 30 mg/kg [a], P = 0.019 for 50 mg/kg, P =
0.0003 for 100 mg/kg [c], and P = 0.0003 for 100-mg/kg loading dose with 50-mg/kg subsequent doses [d]). The median day to death for the untreated group
was 5 days, while the median day to death for treated animals was 7 days. The survival rate was 22%. There was no significant difference in survival or median day

to death between the different treatment groups (P > 0.65).

help us to understand the potential for the appearance of drug-
resistant viruses.

We used a recombinant EBOV that carries the gene expressing
GFP to investigate the mutation frequency of EBOV. This allowed
quantification of errors accumulated during replication at a locus
protected from selection pressures. The number of SNPs per nu-
cleotide sequenced in the GFP region was high and similar to those
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for other RNA viruses (16, 33, 34). In contrast, the mutation fre-
quency over wild-type regions of the genome was below the limit
of detection for this assay. This implies that while the polymerase
replicates with poor fidelity, there is a low tolerance for changes
over the wild-type regions of the genome. It is likely that most
mutant genomes were not packaged or the virions were not viable
and therefore were not harvested for the sequencing assay.
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FIG 6 Effect of daily postexposure ribavirin treatment on EBOV-challenged M. fascicularis macaques. Four M. fascicularis macaques were challenged i.m. with
100 PFU of EBOV. Three NHPs received twice-daily i.m. ribavirin treatment beginning at 1 day postinfection, and one NHP received saline as a control. During
days 1 to 3, the treatment dose was 30 mg/kg, and on day 4, the dose was decreased to 15 mg/kg for the remainder of the study. (a) Treated animals exhibited lower
serum titers than the untreated animal throughout the course of infection. (b) Treatment correlated with a delay in the median day to death (P = 0.083). The
median day to death for the untreated NHP was 6 days, while the median day to death for treated NHPs was 8 days. (c) Activated partial thromboplastin times
(aPTT) for blood collected on days 0, 3, 5, and 7 and at euthanasia. (d) Alkaline phosphatase (ALP) levels in blood collected on days 0, 3, 5, and 7 and at euthanasia.
(e) Gamma glutamyltransferase (GGT) levels in blood collected on days 0, 3, 5, and 7 and at euthanasia. (f) Partial thromboplastin (PT) times for blood collected
on days 0, 3, 5, and 7 and at euthanasia.
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The low tolerance for spontaneous changes suggests that
EBOV may be susceptible to chemical mutagens. To this end, we
investigated the effects of the guanosine analogue ribavirin on
mutation frequency and virus replication. In vitro, ribavirin re-
sulted in a substantial increase in the accumulation of SNPs across
both the GFP and wild-type regions of eGFP-ZEBOV. This was
associated with a >1,000-fold decrease in the production of infec-
tious virus. The decrease in infectious virus production was also
dose dependent, and the IC,, was 27 M; this is similar to or lower
than the IC;,s observed for other RNA viruses that are susceptible
to in vivo ribavirin treatment (39—41). Based on the mechanism of
action against other RNA viruses (39), the decreased infectivity
may be a result of error catastrophe from the increased mutation
frequency.

Since in vitro susceptibility to ribavirin correlates with a ther-
apeutic benefit in vivo for other RNA viruses, we next tested the
effects of ribavirin in vivo in both mouse and NHP models of
EBOV infection. First, the mouse model was used to test the effects
of ribavirin treatment given pre-EBOV exposure. Mice were
treated with ribavirin 60 min prior to receiving a lethal dose of
EBOV and then received daily ribavirin treatments. Ribavirin
treatment corresponded with 75% survival and a significantly de-
layed time to death for treated mice.

Next, mice and NHPs were challenged with a lethal dose of
EBOV and then received daily ribavirin treatments starting at 24 h
postchallenge. Ribavirin treatment corresponded with better sur-
vival outcomes for treated mice and NHPs. In mice, ribavirin
treatment significantly delayed the time to death and increased
survival. Ribavirin-treated NHPs exhibited a delayed time to
death, from 6 days for the untreated control to a mean of 7.7 days
for treated animals. In NHPs, ribavirin also decreased the viral
load by 3.75 X 107 PFU/ml at 5 days postinfection. It is worth
noting that the NHP study utilized M. fascicularis rather than
Macaca mulatta macaques; M. mulatta macaques exhibit a slower
disease progression (42) and thus may demonstrate greater effi-
cacy of ribavirin treatment than what was seen for M. fascicularis.

The evidence in the literature regarding the activity of ribavirin
against filoviruses in vitro is equivocal; some studies have observed
no effect (19, 20), while others have observed some antiviral ac-
tivity (21). In vivo studies have shown that ribavirin delayed the
mean time to death in guinea pigs, but no effect was seen in NHPs
(20, 43). Different experimental conditions and study designs may
explain the discrepancies found in the literature and between our
results and previous reports. Our results from the in vitro and
preexposure in vivo experiments indicate that EBOV is susceptible
to ribavirin. The deep-sequencing data further suggest that riba-
virin may cause mutagenesis in the virus in vivo. Virus in sera from
ribavirin-treated mice and NHPs showed a higher mutation fre-
quency than that in sera from untreated animals. However, in
NHPs, this difference in mutation frequency was more dramatic
at 5 dpi than at 7 dpi. This may explain the lack of survival seen in
the NHPs. Animals received a higher dose of ribavirin during the
beginning of the study, so it is possible that the drop in dose caused
the decline in mutagenesis.

However, it is possible that there is another therapeutic mech-
anism involved as well. For example, ribavirin probably exhibits
indirect antiviral activity, such as cytokine modulation, against
other viruses (39). Further work is needed to understand the
mode(s) of action against EBOV and how to best exploit the
mechanism. We speculate that the efficacy of ribavirin in both
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mice and NHPs may provide utility for human infections, partic-
ularly in combination therapy. For example, coupled with another
therapy (interferon, for example, as used in combination with
ribavirin for hepatitis C virus [HCV] therapy) or administered
while a patient awaits experimental therapies (such as Zmapp
[44]), the decrease in viral load should enhance the efficacy of
other treatments and lead to improved outcomes; decreased viral
loads have previously been associated with survival (45, 46). In-
clusion of a mutagen, such as ribavirin, may also be beneficial
when administering certain therapies, such as antibody cocktails
(47), that may suffer from antiviral resistance. Furthermore, it is
critical to consider that these studies were not performed in the
context of supportive care and rehydration, which can be instru-
mental in improving outcomes for human infections (48). In this
context, we speculate that ribavirin may provide sufficient time
for the immune system to mount a protective response. Addition-
ally, ribavirin is cost-effective, does not require a cold chain, and is
often widely available in rural areas. Finally, newly developed
treatments and countermeasures face rigorous testing before they
can be used in the clinic, but ribavirin is already FDA approved for
other viral infections, so it could promptly be applied to EBOV.
Our results suggest that EBOV exhibits a high mutation fre-
quency and may be susceptible to ribavirin, and thus the use of
ribavirin as a potential therapeutic warrants consideration.
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